Protein arginine methyltransferases (PRMTs), an emerging target class in drug discovery, can methylate histones and other substrates, and can be divided into three subgroups, based on the methylation pattern of the reaction product (monomethylation, symmetrical or asymmetrical dimethylation). Here, we review the growing body of structural information characterizing this protein family, including structures in complex with substrate-competitive and allosteric inhibitors. We outline structural differences between type I, II and III enzymes and propose a model underlying class-specificity. We analyze the structural plasticity and diversity of the substrate, cofactor and allosteric binding sites, and propose that the conformational dynamics of PRMTs can be exploited towards the discovery of allosteric inhibitors that would antagonize conformationally active states.
Introduction
PRMTs catalyze the transfer of a methyl group from the cofactor S-adenosylmethionine (SAM) to the guanidinium group of arginine side-chains on nuclear and cytoplasmic proteins including histones. There are nine known PRMTs in humans, but the large number of putative methyltransferases suggests that this number may increase. 1, 2 PRMTs can be divided into three classes: Type I (PRMT1, the major Type I PRMT, PRMT2, PRMT3, CARM1/PRMT4, PRMT6, and PRMT8) can mono-and asymmetrically di-methylate arginines; Type II (PRMT5) monoand symmetrically di-methylate their substrates, and Type III (PRMT7) only mono-methylate the guanidinium group. 3 PRMT substrates are involved in multiple and diverse cellular mechanisms such as chromatin mediated signaling (PRMT1, PRMT2, CARM1, PRMT5, PRMT6 and PRMT7 methylate histone tails 4, 5 ), the ribosomal machinery (PRMT3 methylates the 40S ribosomal protein S2 (ref. 6)), and DNA repair or mRNA splicing 7 ; PRMTs affect cell growth, proliferation and differentiation, 5 can be deregulated in cancer and other disease conditions, and are emerging as potential therapeutic targets. [8] [9] [10] Domain architecture
The nine human PRMTs are organized around a conserved catalytic core composed of a Rossman fold, where the cofactor binds, and a b-barrel that contributes to substrate binding 11 (Fig. 1A) . Protein-protein interaction modules are sometimes observed at the N-terminus of the PRMT core. These include an SH3 domain in PRMT2, a zinc nger in PRMT3, a pleckstrin homology (PH) domain in CARM1, 12 and a TIM barrel in PRMT5. 13 It is expected that these structural domains participate in substrate binding, recruit other proteins that are necessary for the formation of a catalytically active complex, or contribute to the homo-oligomerization of PRMT subunits. For instance, the TIM barrel of PRMT5 interacts with MEP50, a binding partner that is necessary for full PRMT5 catalytic activity, and largely contributes to the homo-tetramerization of the enzyme (discussed below). 13 
Structural overview of Type I and III PRMTs
Class I PRMT structures solved to date adopt a head-to-tail dimeric arrangement, where a dimerization arm projecting off of the b-barrel interacts with the Rossman fold of another subunit (Fig. 1B) . 12, [14] [15] [16] [17] [18] A dynamic a-helix at the N-terminus of the Rossman fold also contributes to inter-subunit contacts in the active state of rCARM1. 12 This important and conserved structural element is composed of 2 segments, a-X and a-Y that fold onto the bound cofactor, and participates in recruitment and proper positioning of the substrate peptide. As a result, the cofactor becomes buried in the core of the Rossman fold, and a substrate-binding site at the boundary of the Rossman fold, the b-barrel and the a-helix becomes clearly delineated (Fig. 1C ). This suggests a mechanism where cofactor binding stabilizes a conformationally active state of the a-helix ( Fig. 1D ). Cofactorbinding alone may however not be sufficient as the a-helix was captured in a great diversity of conformational states in holostructures of PRMT1, PRMT3, CARM1, and PRMT6. 12, 18, 19 While no structure of mammalian PRMT7 was reported, the CePRMT7 structure reveals a variation on the head-to-tail dimerization theme observed in Type I PRMTs: 14 the N-terminal catalytic core composed of a Rossman fold and a b-barrel adopts a canonical PRMT structure, but a quaternary arrangement places a C-terminal pseudo-catalytic core that is unique to PRMT7 in a position that mimics the second subunit in Type I PRMTs and in TbPRMT7. 14, 16 An important pair of glutamic acids that are conserved at the catalytic sites of active PRMTs (detailed later) is missing from the C-terminal CePRMT7 core, and a loop partially occludes the cofactor pocket.
In depth structural analysis of rCARM1 by Troffer-Charlier demonstrated a profound structural rearrangement of the conserved Type I a-helix, which ips by 180 and partially converts into a b-strand in the apo conformation 12 ( Fig. 2A and  B ). This dramatic motion should re-position the PH domain located immediately at the N-terminus of the a-helix to the other side of the CARM1 dimer, which probably necessitates dissociation of the dimer, and suggests a regulatory mechanism whereby cofactor binding and enzymatic activity correlate with positioning of the PH domain and its binding partners relative to the CARM1 catalytic core (Fig. 2B) .
A catalytic Rossman fold is also observed in non-SET domain lysine methyltransferases, 20 DNA, RNA and small-molecule methyltransferases [21] [22] [23] (Fig. 2C ). In all these structures, a secondary element located at the N-or C-terminus of the Rossman fold and positioned in the 3D space at the site of PRMTs' a-helix contributes to cofactor binding. This element is an a-helix in Type I and III PRMTs, as well as in DNMTs, and a loop in small-molecule, lysine, RNA methyltransferases, and PRMT5 (Fig. 2C ). The structural plasticity of the corresponding loop was demonstrated in the case of lysine methyltransferase DOT1L: the size and hydrophobicity of the cofactor binding pocket are signicantly increased when the loop adopts a conformationally inactive state, which is captured in complex with pico-molar small molecule inhibitors that compete with the cofactor. 24, 25 The fact that the structure of this dynamic element varies with the nature of the substrate (Fig. 2C) , and its proximity to the site of methyl transfer, supports the idea that it plays an important role in substrate recognition.
Structural features unique to PRMT5
A recent crystal structure of PRMT5 revealed that the core Rossman fold and b-barrel were conserved in this Type II methyltransferase ( Fig. 3A and B) but, in contrast with the a-X and a-Y helices observed in Type I enzymes, PRMT5 harbors a short a-Y helix preceded by a large loop that links the catalytic Rossman fold to an N-terminal, PRMT5-specic TIM-barrel. 13 The TIM-barrel in turn binds MEP50, a WD-repeat protein that is a core component of PRMT5-containing chromatin complexes and acts as a structural scaffold for the recruitment of substrates 13 (Fig. 3B ). The loose secondary structural arrangement of the linker domain suggests that it corresponds to a structurally variable region, as observed in the corresponding a-helix of Type I PRMTs.
It is unclear whether the a-helix of Type I PRMTs interacts with residues of the target peptide other than the substrate arginine, 16 but the corresponding linker segment of PRMT5 makes extensive interactions with the backbone and sidechains of at least 8 histone residues centered on the substrate arginine (Fig. 3B ). 13 Three tyrosine side-chains from the PRMT5 linker (Y297, Y304 and Y307) are phosphorylated by an oncogenic mutant of the kinase JAK2, resulting in impaired methyltransferase activity. 26 Two of these (Y304 and Y307) are making direct interactions with the substrate histone, which would be disrupted by phosphorylation (Fig. 3B ), and phosphorylation of the third would also dramatically affect the electrostatics and geometry of the substrate binding site. In a related mechanism, phosphorylation of Ser217 in CARM1 abrogates its interaction with Tyr154 of the a-X helix, and prevents locking of the a-helix in a conformationally active state. 27 Both Tyr154 and Ser217 are conserved in Type I PRMTs, suggesting that phosphorylation affecting structural elements at the catalytic site may be a common mechanism to regulate the activity of PRMTs.
In addition to the presence of a TIM barrel and a linker region, another PRMT5-specic feature is its tetrameric form. Dimerization is not mediated by a dimerization arm, as observed in Type I PRMTs, and in CePRMT5, 28 but is stabilized by extensive interactions between the TIM barrel of one subunit and the Rossman fold and linker of another. Orthogonal stacking of two dimers generates a tetrameric arrangement at the heart of which lies the substrate binding site, while MEP50 is recruited at the periphery (Fig. 3B ). Electron microscopy analysis conducted on XlPRMT5 indicates that the bulk of the interaction with nucleoplasmin, a PRMT5 substrate, is taking place with MEP50 rather than PRMT5 itself, and it was proposed that a channel linking MEP50 to the substrate arginine binding pocket may guide the peptide substrate to the site of methyl transfer. 29 The PRMT5-MEP50 complex has about y times stronger affinity than PRMT5 for a substrate H4 peptide, 13 supporting the idea that MEP50 contributes to the recruitment of diverse PRMT5 substrates.
The fact that MEP50a core component of PRMT5 complexes necessary for full PRMT5 activityinteracts mainly with the TIM barrel of PRMT5, the position of which is tightly correlated with the conformation of the linker segment, suggests a model where interactions at the TIM barrel would dictate the activation state of the linker domain (a-helix in CARM1). This would echo a structural mechanism proposed for CARM1 where protein-protein interactions at the PH domain would dictate the conformational state of the a-helix and control enzymatic activity. Further structural analysis will be necessary to support or disprove this model.
Structural determinants of product specicity
Structural determinants underlying asymmetrical dimethylation by Type I PRMTs, symmetrical dimethylation by Type II PRMTs and monomethylation by Type III enzymes have not been clearly established, but recent structures of PRMT5 and CePRMT7 in complex with a substrate arginine as well as CARM1 in complex with potent inhibitors occupying the substrate arginine site are providing important insights. 12, 13, 16 A rst observation is that mutating F327 to methionine turns PRMT5 into a dual Type I and Type II PRMT, 28 suggesting that the catalytic mechanism is conserved between the two PRMT classes, and relies on the only two catalytic site residues that are absolutely conserved across all PRMTs: a pair of glutamates from the Rossman fold "double-E loop" that is probably involved in deprotonating and activating the methyl-accepting nitrogen. 13, 18 If Type I, II and III enzymes share the same catalytic mechanism, steric factors are probably responsible for product specicity. While F327 stacks against the substrate guanidinium group in the PRMT5 structure and holds the substrate arginine tightly in place, a more exible methionine, conserved at this position in Type I enzymes (M163 in CARM1), probably allows sufficient spatial adjustment of the substrate arginine to accommodate two methyl groups on the same nitrogen, though the efficiency of asymmetrical di-methylation seems limited 28 (Fig. 4) .
In Type I PRMTs, a conserved YFxxY motif (Y150, F151 and Y154 in CARM1) adopts a particular conformation where the 3 aromatic rings stack in an orthogonal fashion with each other and with the adenine ring of the cofactor; this stabilizes a conformational state where the two hydroxyl groups of the tyrosine side-chains form hydrogen-bonds with one of the conserved glutamates of the double-E loop (E267 in CARM1). The other carboxylic oxygen of the glutamate forms a hydrogen bond with the substrate guanidinium. This structural arrangement has two consequences: (1) it locks in place the substrate arginine, and (2) it generates a large Type I-specic volume surrounding the methyl-accepting nitrogen of the arginine substrate, compatible with binding of unmethylated arginine for monomethylation, or monomethylated arginine for asymmetrical dimethylation. This is in contrast with the tight environment of the other u-nitrogen of the arginine substrate, which is buttressed against the side-chain of M163 and forms hydrogen-bonds with the side-chains of H415 and the second "double E-loop" glutamate (E258), leaving no room for deposition of a methyl group. Importantly, all these residues are conserved in Type I PRMTs. In summary, the substrate arginine of CARM1 is locked in place by three hydrogen-bonds with the double-E loop glutamates (E258, E267), as well as H415, and by steric constraints from M163 17 . This arrangement is further stabilized by the YFxxY motif (Y150, F151 and Y154) that stacks against the cofactor and denies any rotational freedom at E267. Importantly, these residues are conserved exclusively in Type I PRMTs, and four of them are part of the dynamic a-helix that adopts distinct conformations in the active and inactive states (Fig. 4) .
The situation is very different in PRMT5: while a large volume is observed at the methyl-accepting nitrogen in CARM1, this volume is closed in PRMT5 due to a difference in the relative orientation of the substrate guanidinium group and E444 (E267 in CARM1). 28 Methylation of this nitrogen would preclude its repositioning at the same site for asymmetrical dimethylation. Instead, extra volume is present on the other side of the guanidinium group, due to the replacement of a histidine group in Type I enzymes (H415 in CARM1) with a serine group (S578 in PRMT5). This volume can accommodate a monomethylated N-u-nitrogen, accompanied by placement of the unmethylated N 0 -u-nitrogen at the site of methyl transfer, an arrangement that is in agreement with symmetrical dimethylation ( Fig. 4) .
Finally, in TbPRMT7, the orientation of the guanidinium group relative to E181 is similar to that observed in PRMT5 (relative to E444), which antagonizes asymmetrical dimethylation. Hydrogen bonding of the N 0 -u-nitrogen with Q329 recapitulates the effect of H415 in CARM1 and prevents symmetrical dimethylation 16 (Fig. 4) . Further supporting this model, the Q329H TbPRMT7 mutant retains Type III specicity. 16 The fact that the Q329S mutant largely loses catalytic activity suggests that the substrate arginine is no longer stabilized in a conformation where it aligns with the departing methyl, maybe due to the replacement of F327, which is tightly stacked against the substrate guanidinium group in PRMT5, with a more permissive methionine (M75) in PRMT7.
In summary, we propose a model where variations between Type I, Type II and Type III PRMTs in spatial constraints and in hydrogen-bonds at the substrate N-and N 0 -u-nitrogens are controlled by class-specic combinations of residues (M163, H415, Y150, F151, and Y154 in CARM1, S578 and F327 in PRMT5, Q329 and M75 in TbPRMT7) that dictate product specicity. An open question is whether these class-specic features could be exploited to design class-specic PRMT inhibitors.
Structural diversity of cofactor and substrate binding sites
The a-helix of Type I PRMTs and the linker domain of PRMT5 fold on the cofactor and participate in the formation of the substrate binding site ( Fig. 5A and B) . The cofactor site is entirely buried and the substrate site is more open, but sufficiently enclosed to be targeted by potent inhibitors. For instance, the substrate-binding pocket of CARM1 has been cocrystallized with 30 nM inhibitors (Fig. 5A ). 30 Bisubstrate inhibitors composed of cofactor analogs that extend into the methyl-arginine binding channel have also been described, 31 but these extremely polar compounds are not drug-like and reect the challenge of designing cofactor competitors that are sufficiently polar to have high affinity for the hydrophilic cofactor binding site, but sufficiently hydrophobic to cross cell membranes. An important question is whether the structural diversity of these sites is sufficient to develop highly selective chemical probes that could be used as tools for target validation and may serve as the starting point for drug discovery. 32, 33 When clustering methyltransferases based on the structural diversity of their cofactor site using the atomic property elds method, 34 SET domain protein methyltransferases form a cluster of their own, while PRMTs are grouped with small molecule-, DNA-and RNA-methyltransferases (Fig. 6A ). This reects a risk of off-target activity when targeting the cofactor site of PRMTs. This is in agreement with the fact that, unlike SET domain protein methyltransferases, PRMTs share a cofactor-binding Rossman fold with non-protein methyltransferases (Fig. 2C) . Previous work indicated that the structural diversity of the cofactor binding pocket of protein methyltransferases is similar to that of the ATP binding pocket of kinases. 35 Since it is generally possible to develop selective kinase inhibitors, the same should apply to protein methyltransferases in general, and to PRMTs in particular. Alignment of residues lining the cofactor site of Type I PRMTs shows that the pocket is generally conserved, but highlights a few variable positions, such as F138, M164 or A216 (CARM1 nomenclature) that may be exploited to develop isoform-selective inhibitors (Fig. 6B) . Nevertheless, the relatively high sequence conservation at the cofactor site should represent a challenge for drug design.
The situation is a little more favorable at the substratebinding site. A multiple sequence alignment of residues lining potent CARM1 inhibitors that occupy the substrate binding pocket 30 shows high sequence conservation at the substrate arginine channel, but signicant diversity at the other end of the pocket, at positions occupied by S146, Q149, N266, R446 or S448 in CARM1 (Fig. 6C ). The fact that the two 30 nM CARM1 inhibitors are inactive against PRMT1 and PRMT3 (ref. 36 and 37) supports the idea that selective inhibition can be achieved at the substrate binding site, though proling these inhibitors against other PRMTs would be informative. Interestingly, different warheads in each inhibitor are anchored in the methyl-arginine binding channel of CARM1, but in both cases, hydrogen bonds are formed with the side-chains of H415 and the double E-loop glutamate E258, two residues that are absolutely conserved in Type I PRMTs, as well as the backbone carbonyl of M260 (Fig. 6C ). This suggests that potent Type I PRMT inhibitors binding at the substrate-binding pocket should efficiently exploit these positions. Considering the high sequence conservation at the methylarginine channel, combinatorial libraries focused on these two warheads should be enriched in Type I PRMT inhibitors.
Allosteric inhibition of PRMT3
Compounds from a third chemical series were co-crystallized at an allosteric pocket of PRMT3, located at the base of the dimerization arm (Fig. 7A) . 15, 38 In spite of their binding mode, the compounds do not prevent homodimerization of PRMT3. This unexpected binding site is 15Å away from the site of methyl transfer, and it is surprising that binding at such a distant pocket could have an inhibitory effect, but the mechanistic relevance of the crystal structure was conrmed by mutagenesis studies showing that mutating residues at the allosteric site (ex K392A) preserved the catalytic activity of the enzyme, but reduced the effect of the inhibitor (Fig. 7B) . 15 The structure clearly shows that the benzothiadiazole moiety of the compound is inserted in an enclosed cavity of the b-barrel of a PRMT3 subunit, while the 2-oxo-phenyl end of the inhibitor extends out of the cavity and is buttressed against the a-helix of the other PRMT3 subunit (Fig. 7B) . Interestingly, the a-helix is in an inactive state, suggesting that the inhibitor induces some conformational strain that antagonizes proper folding of the a-X helix on the cofactor. While the reported inhibitors only have IC 50 s in the low micromolar range, it is expected that potent compounds could be targeting this site.
The entrance of the pocket is occluded in the structure of PRMT3 in complex with the cofactor, due to an alternate rotameric state of R396 (PDB code 2FYT) (Fig. 7C ). The fact that the pocket is not seen in other PRMT structures does therefore not necessarily mean that it is unique to PRMT3. A multiple sequence alignment of Type I PRMTs based on PRMT3 residues lining the co-crystallized inhibitor reveals signicant sequence variability, indicating that this pocket can be exploited towards the development of selective inhibitors (Fig. 7D) .
Unexplored allosteric binding pockets
The dynamic nature of the a-helix of Type I PRMTs translates into signicant structural plasticity at both cofactor and substrate binding sites. In the structure of apo CARM1, the cofactor binding pocket is gone, and a profound remodeling takes place at what used to be the substrate binding site, where an entirely new cavity emerges from the relocation of the a-helix ( Fig. 5C and 8 ). Compounds that occupy this site would presumably lock the enzyme in an inactive conformation.
In an attempt to identify other potential allosteric binding sites, we used Molso's ICMPocketFinder 39 to systematically search for binding pockets in PRMT structures available in the PDB (Fig. 8) . In addition to the substrate and cofactor binding sites, and the PRMT3 allosteric site, this exercise reveals the existence of unexplored binding pockets. First, a cavity present in PRMT1, PRMT3, PRMT6 and apo-CARM1 is located at the interface of the Rossman fold and the b-barrel, immediately next to the second double-E loop glutamate (E355 in PRMT3). The entrance to this cavity is occupied by the a-helix in the active conformation of CARM1, suggesting a model where inhibitors occupying this site would destabilize the catalytically competent conformation of the a-helix. Another pocket is identied at the interface of the linker domain and the TIM-barrel of PRMT5. It is located in the vicinity of the substrate-binding site, and compounds binding at this site may affect recruitment of PRMT5 substrates. A large cavity is also present at the junction of the C-terminal b-barrel and the pseudo-dimerization arm of CePRMT7, immediately next to the N-terminal catalytic site ( Fig. 8, light blue) . However, CePRMT7 shares only 32% sequence identity with hPRMT7, and the corresponding pocket may not be present in the latter. Finally, a pocket is found at the back of the b-barrel of inactive CARM1 (Fig. 8, purple) . However, unlike the pocket targeted by PRMT3 allosteric inhibitors, this cavity is facing away from the other subunits, and the putative effect of ligands binding at this site is unclear.
Conclusion
PRMTs share a catalytic Rossman fold with DNA-, RNA-, and small molecule-methyltransferases, as well as some lysine protein methyltransferases, and novel enzymes with PRMT activity may emerge from the human methyltransferasome. 1 We propose a model where steric constraints dictate class (i.e. product) specicity of PRMTs. Structural determinants for substrate specicity, another dimension to the signaling versatility of PRMTs, remain largely unexplored, and more structures such as the recent PRMT5-or TbPRMT7-histone 4 complexes will be important to address this question. Another area for future research is the inuence of protein-protein interaction modules such as the PH domain of CARM1, or the Zn nger of PRMT3 on the activation state of PRMTs. This may necessitate the introduction of additional components of chromatin complexes, as was done in the case of PRMT5. 13 The discovery and co-crystal structure of potent CARM1 inhibitors demonstrated that the substrate-binding pocket of PRMTs is chemically tractable. The cofactor-binding site is also very enclosed, but low diversity and high hydrophilicity make it a challenging target. More promising is the opportunity to develop allosteric inhibitors that exploit the structural plasticity of PRMTs, as was demonstrated in the case of PRMT3. 15, 38 
